Localisation of doped holes in edge-shared Cu02 chain cuprates: consequences for 
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We present a joint experimental and theoretical study of the electronic structure of the cuprate chain 
systems Ai_a;Cu02 (A=Ca,Sr,Ba), as measured using O-K and Cu-La x-ray absorption spectroscopy. 
The doping-dependent behaviour in these systems is radically different to that in conventional 
2D cuprate networks formed from corner sharing CUO4 plaquettes, and follows from the strongly 
suppressed inter-plaquette hybridisation resulting from the 90° Cu-O-Cu interaction pathway in the 
chain systems. Spectroscopically, this results in (a) a classical mixed-valent scenario whereby the 
different final states in the Cu-La spectra can be used directly to 'read-off' the Cu valency and (b) a 
drastic reduction in the dynamic spectral weight transfer from the upper Hubbard band to the low 
energy scale in the O-K spectra. The final picture emerges of localisation of the doped holes, with 
the chain then comprised of a mixture of pure Cu(II)04 and Cu(III)04 plaquettes. 



PACS numbers: 78.70. Dm, 71.28.+d, 79.60 

Low dimensional cuprate systems, such as chains and 
ladders, gained interest originally in the context of their 
being model systems for the high temperature cuprate 
superconductors, ft soon became clear that such quasi- 
ID sj2S±cms offer a rich correlated electron physics of their 
ownJU'B with the experimental observation of the separa- 
tion of the spin and charge degrees of freedom being one 
of the highlights so far.l3 

A second area to catch the imagination of researchers 
worldwide has been that of the spin ladders. Here, super- 
conductivity has been predicted theoretically for a doped 
ladder ,□ but has not been observed so far in pure ladder 
compounds. 

Consequently, the discovery of superconductivity un- 
der pressure in Sro.4Cai3.6Cu2404i+A- [ ^ - which has no 
Cu02 planes, but rather a mixture of linear Cu02 chains 
(built up of edge-shared CUO4 plaquettes) and two-leg 
CU2O3 ladders - has sparked still further interest in the 
properties! of the ladders and the chains as individual 
elements. □ 

In this paper, we present a joint experimental (O-K 
and CU-L3 XAS) and theoretical investigation of the elec- 
tronic structure of hole-doped edge-sharing Cu02 chains. 
The compounds under investigation are Cao.83Cu02, 
Sro.73Cu02 and Bao.67Cu02, all of which contain Cu02 
chains formed of edge-sharing CUO4 plaquettes. The 
chains are doped witk|ei|ther 0.33, 0.52 or 0.67 holes per 
Cu site, respectively.lZrli3 Remarkably, the magnetic sus- 
ceptibility of Cao.83Cu02 and Sro.73Cu02 - despite their 
high hole-doping levels - can be described within the 
dimerized alternating spin-1/2 Heisenberg-chain modelQ, 



with antiferromagnetic order setting in below 10 K and 
12 K for Cao.83Cu02 and Sro.73Cu02, respectively. For 
the better known Cu02 plane, neither Neel nor any other 
long-range magnetic order has been found for doping lev- 
els beyond 0.04 to 0.125 holes per Cu site (i.e. beyond 
the spin-glass and stripe region). Furthermore, there 
have been reports of superconductivity-with Tc =13 K in 
the related compound Ba2Cu3_i:06-j^til, which naturally 
would necessitate the delocalisation of doped holes in the 
Ai_2;Cu02 systems. 

The synthesis and the structural analysis of the 
polycrystalline samples of Cao.83Cu02, Sro.73CH02 and 
Bao.67Cu02 have been described previouslyEfl. The 
XAS measurements were performed at the SX700/II 
monochromator operated by the Freie Universitat Berlin 
and the PM5 beamline at the Berliner Elektronenspc- 
icherring fiir Synchrotronstrahlung (BESSY) . In all mea- 
surements the non-surface-sensitive fluorescence-yield 
mode was used. The energy resolution of the monochro- 
mator was set to 280 meV and 600 meV at the O Is and 
the Cu 2p3/2 thresholds, respectively. The 01s data were 
corrected for the energy-dependent incident flux and nor- 
malized 60 eV above the threshold. The self-absorption 
effects were taken into account as described in Refs. |l^ 
and Prior to the measurements, the surface of the 
sintered tablets was scraped in-situ with a diamond file 
at a base pressure of 5x10^^" mbar. 

The simulated CU-L3 and O-K spectra were calculated 
with the aid of an extended five-band pd Hubbard-model 
as described in Ref. 0. The CU-L3 and O-K Is-XAS 
spectral density was calculated by means of the exact 
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diagonalisation of small periodic (Cu02)Ti clusters (with 
n=3,4), following Refs. |lj and |5[ The calculated data 
were broadened with Lorentzian functions of width 0.4 
eV, in order to ease their comparison with experiment. 

Fig. 1 illustrates the systematic evolution of the 
Cu-Ls XAS spectra of Cao.83Cu02, Sro.73Cu02 and 
Bao.63Cu02. The left panel shows the experimental spec- 
tra, whereas the right panel contains the results of the ex-. 
tended five-band pd Hubbard model referred to above.tS 
Also shown are data from Li2Cu02 and NaCu02, which 
serve as formally divalent and trivalent reference systems 
for the edge-shared Cu02 chain geometry. The spectral 
signatures of Li2Cu02 and NaCu02 are simple, single 
component white-hnes at 930.7 and 932.4 eV, respec- 
tively. 

Fig. 1 shows clearly that the edge-shared chain systems 
with non-integer formal valence exhibit a Cu-La XAS 
spectrum resembling a superposition of scaled versions 
of the divalent and trivalent reference systems. Based 
upon the excellent agreement observed between experi- 
ment and theory in Fig. 1, we can assign the features 
as follows. For Li2Cu02 the single peak is described 
by the 2p3(i^° configuration (where 2p denotes the core 
hole). The dominant final state configuration represent- 
ing the main peak at 932.4 eV in NaCu02 is described 
by 2p3d^°L. Consequently, for Cao.83Cu02, Sro.73Cu02, 
and Bao.63Cu02 the low and higher energy features re- 
sult from 2p3d^° and 2p3d^'^L final states, respectively. 
Furthermore, the clear energetic alignment with the di- 
valent and trivalent reference systems confirms that the 
features in the CU-L3 XAS of the intermediate doped 
chains signal the existence of Cu(II)04 and Cu(III)04 
plaquettes. In line with this picture, the spectral weight 
of the higher energy peak increases in line with the for- 
mal valence on going from Cao.83Cu02 to Sro.73Cu02 
and further to Bao.63Cu02. 

To put these results in context, we show in Fig. 2 
a comparison of the CU-L3 XAS spectra of two formally 
trivalent systems - NaCu02 and LaCuOs (the latter from 
Ref. - and two formally Cu 2.33-1- valent systems - 
Cao.83Cu02 and Lai.66Sro.34Cu04 (the latter from Ref. 
p^ . The enormous differences between the spectra of 
compounds with the same formal valency is a signal of 
the crucial role played by the geometry of the Cu-0 net- 
work, not [Only in the Cu 2p core lesiel photoemission 
spectra,N"El but also in CU-L3 XASO. This point is 
worth further explanation. 

In the edge-sharing Cu02 chain systems the Cu-0- 
Cu interaction pathway is essentially 90°, which strongly 
suppresses the inter-plaquette hybridisation. For the un- 
doped system Li2Cu02, this has been observed to lead 
to a behaidour analogous to that of an isolated CUO4 
plaquetteBja. This extreme localisation means that the 
spectroscopy of such cuprates is reminiscent of the situ- 
ation in some mixed valent 4f compounds in which the 
intensity ratio of the features at the (Ln)-L3 tkcesholds 
can be used to determine the average valence.cJ In the 
case of the Cu02 chain systems, due to the geometrically 



mediated switching-off of the inter-plaquette hybridisa- 
tion, one observes a clear feature at 932.4 in the CU-L3 
spectra whose weight scales with the formal copper va- 
lence. 

In contrast, the systems containing strong 180° Cu- 
0-Cu 

interaction pathways (LaCu03 and Lai.66Sro.34Cu04), 
support significant inter-plaquette hopping, thus result- 
ing in an increase in the effective covalency. This has 
two effects. Firstly, it reduces the contribution of the 
bare 3(i" configuration in the ground stateBja Secondly, 
the inter-plaquette hybridisation offers the system fur- 
ther opportunity to screen the copper core hole involving 
the transfer of electron density from ligand levels fur- 
ther away from the core ionised site. As a result of this, 
the CU-L3 XAS spectrum of trivalent LaCu03 exhibits a 
feature at the same energy as is usually associated with 
divalent copper, but which actually stems from a triV|a^ 
lent final state with additional (non-local) screening.EZi 
The same behaviour is seen for the formally 2.33-1- valent 
cuprates: the edge shared chain exhibits two clear final 
state peaks, whereas the interplaquette hopping preva- 
lent in the 2D Cu02-pla|iie system results in a mere asym- 
metry at higher energyE3 

The spectroscopic consequences of the geometry- 
induced localisation are not restricted to the CU-L3 spec- 
tra, as is illustrated by the 0-K spectra shown in Fig. 
3. The pronounced peak directly above the absorption 
onset at 530.2 eV in the undoped Li2Cu02 system is 
related to transitions into O 2p states iiybridized with 
the Cu3d upper Hubbard band (UHB).EI The pre-edge 
peak in the 1s XAS spectrum of the trivalent cuprate 
NaCu02, which in the context of the HTSC would be 
assigned to the doped hole states, is down-shifted by 1.3 
eV with respect to the Cu(II) UHBi-sj|Bcp-ivith increasing 
Cu valence the covalence increases. 

In conventional, corner-shared 2D-planar systems 
which have been hole-doped, two pre-edge peaks are 
observed on 0-K XAS. With increasing doping level 
the UHB quickly loses its intensity, whereas the hole 
peak gains in intensity and shifts to lower energy as the 
doping progresses.L^ As can be seen from Fig. 3, the 
intermediate-doped edge-shared cuprate chains present 
a different picture. Firstly, here, as was the case for 
the CU-L3 spectra, the two features remain at the same 
energies as their counterparts in the formally Cu(II) 
and Cu(III) reference systems. Secondly, the rate at 
which the UHB spectral weight is tranferred to the 
low energy scale is drastically reduced in these com- 
pounds compared to their corner-sharing 2D cousins. 
This is much more than an XAS detail, as this spectral 
weight transfer is an important characteristic of doped 
effective Mott-Hubbard insulators,E^ and has been ex- 
tensively studied in the-jjorner-shared, layerei-Guprates 
both experimentallyHEllEJ and theoreticallyt3E3. In 
the corner-shared systems such as La2-xSr3;Cu04 [Refs. 
p^ , ^,^ and the two-leg ladder system Lai_a;Sra;Cu02.5 
[Ref. |34||, this effect - expressed in the doping-mediated 
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destruction of the UHB intensity - has been found to be 
suprahnear with a;, and has thus beepqidubbed dynami- 
cal spectral weight transfer or DSWTE3I2j. For example, 
in the case of rLag,_2:Sr2:Cu04 for x=0.15, the UHB is 
scarcely visibleEJO and for the analogous doping level in 
the two-leg ladder, the UHB-pcak has already lost more 
than 40 % of the spectral weight it had for x=OHj 

However, as can be clearly seen in Fig. 3 for an even 
greater doping level of 0.34 in Cao.83Cu02 we still find 
~ 67% spectral intensity of the UHB compared with 
Li2Cu02, the latter acting as a reference point for the un- 
doped case. Even Bao.63Cu02, which has a formal doping 
level of 0.67 holes per Cu, still shows a clear indication 
of an UHB feature in the 0-K XAS. The suppression of 
the DSWT is a direct result of the extremely small inter- 
plaquette hopping along the Cu02 chains, and is well re- 
produced by the extended five-band pd Hubbard model, [ 
|T6| as can be seen from the good agreement between ex- 
periment (left panel) and theory (right panel) in Fig. 3. 
In addition, this knowledge has played an important role 
in our understanding of recent polarisation-dependent 
XAS data from the (La,Y.Sr)14' systemsQ, which con- 
tain, apart from the 2-leg ladders, highly doped Cu02 
chains. 

Fig. 4 summarises the Cu-La and 0-K core level ex- 
citation data of the edge-shared chain systems. In the 
upper panel, the mean Cu valencies of Li2Cu02 and the 
three doped chain compounds under investigation, de- 
rived from the intensity of the Cu(II) and Cu(III) signals 
in the CU-L3 XAS are compared to the formal valence de- 
rived from the stoichiometry, yielding an almost perfect 
agreement. This emphasises the unique nature of these 
cuprate chains, as, to the best of our knowledge, they 
represent the first examples of a mixed valent cuprate 
family, in which core level spectroscopy allows one to 
'read off' the mean Cu valence merely by comparing the 
intensity ratio of the double-peaked CU-L3 XAS feature. 
The lower panel of Fig. 4 shows an analysis of the dop- 
ing dependent evolution of the spectral weight of the hole 
peak and the UHB in the 0-K XAS spectra, whereby the 
doping dependence of the ZRS and UHB features in LS 
(from Ref. [ |3^ ) has been included for comparison. The 
strong suppression of the DSWT in the edge-shared chain 
systems is very clear, clearly indicating the supression of 
the dynamic spectral weight transfer in these systems. 

To summarize, we have presented a joint experimen- 
tal and theoretical study of the effects of hole doping on 
the electronic structure of Cu02 chains built up of edge- 
shared CUO4 plaquettes. Analysis of the data, both at 
the qualitative and quantitative level, illustrates the re- 
markable consequences of the edge-sharing geometry of 
these systems, which results in a 90° Cu-O-Cu interac- 
tion pathway, thereby essentially switching-off the inter- 
plaquette hopping. 

(1) The system is robbed of the possibility of using non- 
local processes to screen the core hole in CU-L3 XAS, thus 
resulting a in a classical mixed valence behaviour in which 
the average Cu valence can be simply extracted from the 



relative intensity of the 2p3d and 2p3d^ L final state 
features. This is an unprecendently clear example of the 
impact of non-local effects in XAS. 

(2) The dynamic transfer of spectral weight from the 
upper Hubbard band to the low energy scale is strongly 
suppressed, resulting in the observation of the UHB fea- 
ture in the 0-K spectra even up to for a doping level of 
0.67 extra holes per Cu. 

(3) Together with the observation of Neel order in the 
Sro.73Cu02 and Cao.83Cu02 systems,!!! the spectroscopic 
data presented here provide clear evidence for the exis- 
tence of individually identifiable Cu(II)04 and Cu(III)04 
plaquettes in these materials. 
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FIG. 1. Left panel: Cu-Ls XAS spectra of edge-shared 
Cu02 chain systems as a function of hole doping. From the 
bottom: Li2Cu02, Cao.83Cu02, Sro.73Cu02, Bao.63Cu02 and 
NaCu02. The right panel shows the same spectra simulated 
using an extended five band pd Hubbard model. The hole 
doping level appropriate for each system is indicated next to 
each theoretical curve. For details see text. 



FIG. 2. Cu-Ls XAS spectra of (from the top) the formally 
trivalent systems NaCu02 and LaCuOa (from Ref. [|l^), to- 
gether with the formally Cu 2.33-1- valent systems Cao.83Cu02 
and Lai.66Sro.34Cu04 (the latter from Ref. [ p^). 



FIG. 3. Left panel: 0-K XAS spectra of edge-shared 
Cu02 chain systems as a function of hole doping. From the 
bottom: Li2Cu02, Cao.83Cu02, Sro.73Cu02, Bao.63Cu02 and 
NaCu02. The right panel shows the same spectra simulated 
using an extended five band pd Hubbard model. The hole 
doping level appropriate for each system is indicated next to 
each theoretical curve. For details see text. 



FIG. 4. (a) The mean Cu valence (filled triangles) ob- 
tained from the Cu-Ls XAS spectra of Li2Cu02, Cao.83Cu02, 
Sro.73Cu02, Bao.63Cu02 together with the formal valence 
(filled circles) from the stoichiometry plotted versus the hole 
doping level, x. (b) the relative spectral intensity of the 
doping-induced hole peak (ZRS, open squares) and the UHB 
(filled squares) in the 0-K XAS spectra of the same systems, 
normalized to the intensity of the UHB for undoped Li2Cu02. 
The decay of the UHB intensity and the growth of the ZRS 
feature for the system Lai_a;Sra;Cu04 (from Ref. [ ^) is 
shown as filled and open grey circles for comparison. 
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